Abstract-Inverters
I. INTRODUCTION
With the rapid development of permanent magnet material, power electronic technology, microelectronic technology, the performance of permanent magnet linear motor (PMLSM) tends to be more excellent. PMLSM has advantages of positioning precision, high force density achievable, loss thermal losses, and high thrust-force capability. Furthermore, there is increasing demand for positioning precision in horizontal translation system and many attentions have been focused on PMLSM. Yet inverters composed of switch arrays provide nonsinusoidal voltage or current, and the structural performances of the tooth-slot and winding distribution of the motor could lead to a mass of harmonic components, these factors can cause the parametric change of the motor, thrust fluctuation, loud noise, sharp winding temperature rise, severely deteriorating the motor performance [1] [2] [3] [4] [5] [6] . There are a lot of literatures about the study of performances of PMLSM fed by sinusoidal current source, namely the current density distribution of the current source is known, and the finite element method is adopted to solve the equations. In Ref. [7] [8] [9] [10] [11] , the performances of PMLSM fed by sinusoidal current source are studied. To overcome deficiency in performances analysis of PMLSM using numerical method and analytical method, hybrid method combined with finite element method (FEM) and analytical solution were adopted because fast and accurate analysis of the field is necessary for PMLSM. Electromotive force without load and magnetic link with the mover position are attained, and the performances of PMLSM applied SPWM-VI was profoundly researched [12] . Specifications such as current, speed and thrust force should be largely changed, when permanent magnet linear synchronous motor happen to load sudden changing. Using state variable method based on inductance matrix to analyze the characteristics of motor happens to load sudden changing. The results show that main factor of speed fluctuation in steady operation condition is end component of detent force, windings resistance effects power angle curve and the motor can work at first or third quadrant region [13] . In Ref. [14] , the time-stepping finite element method is adopted to study the performances of PMLSM fed by PWM power source with secondary conductive plane; it only presents the simulation results of the thrust and the current. In Ref. [15] [16] , the time-stepping finite element method is adopted to study the performances of PMLSM supplied by SVPWM voltage source inverter, and the simulation figures of voltage and current, the simulation result and experimental result of velocity and displacement are presented. The high-frequency component mathematical models of an interior permanent magnet synchronous motor (IPMSM) were analyzed in two stationary reference frames. A rotor position sensorless control strategy was studied using carrier frequency component method. In order to provide continuous carrier frequency component signals, three-phase triangular carrier SPWM was adopted. The carrier frequency component current (CFCC) equations of the IPMSM were deduced under the modulating pattern. The peak expressions of CFCC contained the rotor position information. Based on the information, the position sensorless control of IPMSM was built. The simulation and experimental results demonstrate that the proposed method can realize position sensorless control of IPMSM over full speed range [17] . Yet the performances of PMLSM supplied by SPWM inverter need to be studied further.
When studying the characteristic of motor supplied by voltage source inverter, the current iteration method is often adopted to solve the problem of voltage constraint, which has slow convergence and poor effect, so in this paper, the field-circuit coupled time-stepping finite element method is adopted to have a further study of the performances of PMLSM supplied by SPWM voltage source inverter. The co-simulation has greatly reduced the time for simulation and improved the precision of simulation, and the simulation results are presented at last and validated with the experimental data.
A. Physical Model of PMLSM
The primary of PMLSM is composed of three-phase windings and the primary iron yoke with rectangular slots, and the secondary is composed of permanent magnets (Neodymium Iron Boron) and magnetic isolation blocks that are placed on the steel plate. The PMLSM studied in this paper is a single side and planar type non-salient pole motor with long secondary and short primary, as is shown in Figure1. In the non-salient pole structure, the magnetization direction of the permanent magnets is concordant with the direction of the air gap flux axis, and has lower pole-to-pole flux leakage and simple craftwork. The specifications of PMLSM are shown in Tab.1. 
II. FIELD-CIRCUIT COUPLED MATHEMATICAL MODEL OF PMLSM
To take the external circuit fed by SPWM voltage source inverter and the motor end effect into account, this paper adopts field-circuit coupled method to calculate the electromagnetic transient process, solve equation variables of magnetic vector potential and the motor phase current, which are the combination of electromagnetic field time-step finite element equations and three-phase winding circuit equations by electromotive force in the armature windings.
The transient field equation in which A denotes magnetic vector potential is shown as (1) according to Maxwell equations. (
Where A is z-axis component of magnetic vector potential, Js is Current density of the primary windings, m J is Equivalent magnetizing surface current density of permanent magnet, μ is the permeability.
In this paper, the model is subdivided into small triangle elements to form a mesh and adopts n-order unit basic function and linear interpolation. After applying the Galerkin method, the governing equations for the analysis model is expressed as follows.
Where A is unknown node magnetic vector potential, I is current in the windings, S, C, T is coefficient matrix, G is matrix of equivalent magnetization current density.
Equivalent magnetizing surface current method is adopted to deal with NdFeB type permanent magnet with uniformity magnetization, regulation shape, linear demagnetization and intensity of magnetization of M 0 .
The resistance and leakage reactance of PMLSM is not neglected due to the characteristic of having thick air gap. According to the Ohm law and the Faraday electromagnetic induction law, relation of electromotive force and voltage produced the primary three-phase windings is shown in (4) .
Where ψ is the windings flux linkage, L l is the motor leakage inductance, R is windings resistance, and U is windings phase voltage.
Where N is winding effective turns, B is flux density, S 1 is winding effective area in the slot, S 2 is coupled effective area of the primary and the secondary.
Maxwell's stress tensor is adopted to calculate PMLSM electromagnetic force, which includes all kinds of harmonics component electromagnetic force. The tangential component of the force is shown in (7).
The motor electromagnetic force normal component is shown in (8) . 
Where m is mass, v is the motor mover velocity, F L is load force.
III. ANALYSIS OF STEADY-STATE PERFORMANCES OF PMLSM
In order to know the cause of electromagnetic thrust and mover velocity fluctuation of low-velocity PMLSM fed by SPWM-VS, the steady-state performances of lowvelocity PMLSM are analyzed.
The magnetic field distribution is the result of the joint action of the primary windings and secondary permanent magnet of PMLSM, the field distribution and variation in different media and its linkage with current decide the electromagnetic parameters and the performance of PMLSM. Figure 2 and Figure 3 show the result of calculation of magnetic flux density on the primary surface, air gap centerline and the permanent magnet surface of SPWM-VI-PMLSM and S-VS-PMLSM respectively. Figure 4 shows the velocity curve from starting to steady state of SPWM-VI-PMLSM and PMLSM fed by sinusoidal voltage source in load 100.0N condition.
In Figure 4 , S-VS denotes the sinusoidal voltage source, SPWM-VI denotes the sinusoidal pulse width modulation voltage inverter. It can be seen from the figure that the mover velocity of SPWM-VI-PMLSM and S-VS-PMLSM oscillate around the synchronous velocity of 0.156m/s, the oscillation period under the steady state condition is 0.25s, and the oscillation amplitude of SPWM-VI-PMLSM is 10.93% larger than that of S-VS-PMLSM. The oscillation range of the mover velocity of SPWM-VI-PMLSM is 0.09719m/s~0.21481m/s, the oscillation range of the mover velocity of S-VS-PMLSM is 0.10912m/s~0.20288m/s. Thus it can be seen that the supply harmonic is not the major cause of mover velocity oscillation of PMLSM. The calculation results of magnetic co-energy of SPWM-VI-PMLSM and S-VS-PMLSM are shown in Figure 5 It can be seen from Figure 5 that the magnetic coenergy of SPWM-VI-PMLSM has various harmonic components; the magnetic co-energy of S-VS-PMLSM under steady state condition has better sine degree, the harmonic components of SPWM-VI-PMLSM made its own contribution to the magnetic co-energy. It can be seen from Figure 6 that the load angle of SPWM-VI-PMLSM system and S-VS-PMLSM dose not vary at the same load condition, the load angle has nothing to do with the form of voltage. Figure 7 and Figure 8 show the calculation results of A-phase current and A-phase terminal voltage of SPWM-VI and S-VS. It can be seen from Figure 7 that PWM-VI-PMLSM and S-VS-PMLSM have the same current periodicity and similar current amplitude at A-phase. The current of SPWM-VI-PMLSM has various harmonic components, the current of S-VS-PMLSM is distorted as a result of magnetic saturation and non-sinusoidal air gap field, and it is not simple sinusoidal current. It can be seen from Figure 8 that the phase voltage of S-VS-PMLSM has better sine degree, while the phase voltage of SPWM-VI-PMLSM has various harmonic components, and is 26.1% larger than that of S-VS-PMLSM. Figure 9 shows the calculation result of electromagnetic thrust of SPWM-VI-PMLSM and S-VS-PMLSM.
It can be seen from Figure 9 that the tangential electromagnetic thrust of S-VS-PMLSM under steady state has better sine degree, oscillate around the value of 100.00N with a period decided by pole pitch, the oscillation amplitude is 267.00N. The tangential electromagnetic thrust of SPWM-VI-PMLSM under steady state oscillate around the value of 112.29N with a period decided by pole pitch, the oscillation amplitude is 393.21N, and it has various harmonic components. Thus it can be seen that for dampening thrust fluctuation, S-VS-PMLSM has better performance than SPWM-VI-PMLSM. The burr on the experiment curve of velocity is caused by measurement noise.
IV. CONCLUSIONS
For the open-loop scalar and constant flux controlled running mode of PMLSM, to study the performances of PMLSM using field-circuit coupled time-stepping method is feasible, and the co-simulation using state equation and field finite element equation is adopted, it has reduced the time for simulation and improved the precision of simulation. The following conclusions are drawn.
1. The mover velocity of SPWM-VI-PMLSM and S-VS-PMLSM oscillate around the synchronous velocity of 0.156m/s, the oscillation period under the steady state condition is 0.25s, and the oscillation amplitude of SPWM-VI-PMLSM is 10.93% larger than that of S-VS-PMLSM. The oscillation range of the mover velocity of SPWM-VI-PMLSM is 0.09719m/s~0.21481m/s, the oscillation range of the mover velocity of S-VS-PMLSM is 0.10912m/s~0.20288m/s. Thus it can be seen that the supply harmonic is not the major cause of mover velocity oscillation of PMLSM.
2. PWM-VI-PMLSM and S-VS-PMLSM have the same current periodicity and similar current amplitude at A-phase. The current of SPWM-VI-PMLSM has various harmonic components, the current of S-VS-PMLSM is distorted as a result of magnetic saturation and nonsinusoidal air gap field, and it is not simple sinusoidal current.
3. The phase voltage of S-VS-PMLSM has better sine degree, while the phase voltage of SPWM-VI-PMLSM has various harmonic components, and is 26.1% larger than that of S-VS-PMLSM.
4. S-VS-PMLSM and SPWM-VI-PMLSM have the same periodicity of slip fluctuation, yet the slip value of SPWM-VI-PMLSM is 24.6% larger than that of S-VS-PMLSM.
The simulation results are verified by comparing and analyzing the simulation data and experimental data.
